We study nitrogen-doping effects on the energetics and electronic properties of titanium dioxide (TiO 2 ) at high doping concentrations using the first-principles electronic-structure study. From the defect formation energies obtained, it is confirmed that nitrogen atoms should tend to be clustered in the heavily-doped system. This clustering should occur because dopants share the surrounding distorted region and then the lattice-distortion energy per dopant become smaller if dopants are located at shorter distances. We also find that the impurity-induced states seem to be sufficiently hybridized with the original valence band in all the cases studied. The system would show the photoabsorption spectrum expanding to the longer-wavelength region down to around 620 nm in rutile and 730 nm in anatase if nitrogen atoms are sufficiently doped.
Titanium dioxide (TiO 2 ) is one of the most basic materials for photocatalytic applications. 1) Because photocatalytic materials activate some kinds of chemical reactions by photo-excited electrons and/or holes, they should be applicable to the devices for the solar-to-chemical energy conversion. On the other hand, TiO 2 itself can utilize only a small portion of solar energy because the material can absorb only ultraviolet light. The energy of ultraviolet light accounts for only 4 percent of the total solar energy at the sea level. Therefore, much attention is paid to narrow the bandgap of TiO 2 and to expand the photoabsorption spectrum into the visible-light region. 2) One of the effective ways to narrow the bandgap is the impurity doping. Especially, nitrogen should be an appropriate dopant because the ionic radius of nitrogen is close to that of oxygen and therefore it should be relatively easy to substitute oxygen with nitrogen.
3) So far, several researches have revealed that nitrogen-doped TiO 2 shows photo-response under visiblelight irradiation both experimentally and theoretically.
3)9)
However, the photoabsorption rate at the visible-light region is not yet sufficiently improved in these studies. Therefore, more intense and detailed studies are needed to clarify the atomic geometries of dopants and the electronic structures of nitrogendoped TiO 2 .
In the present work, we study the nitrogen-doping effects on the energetics and electronic properties of rutile, anatase, and brookite phases in heavily-doped cases within the framework of the density-functional theory.
10),11) First, we show the defect formation energies for the substitutional doping and discuss the structural properties of dopants. Next, we show the electronic properties of heavily nitrogen-doped TiO 2 with several different nitrogen concentrations.
Our studies are based on the density-functional theory (DFT) within the framework of the local density approximation (LDA) using the Ceperly-Alder exchangecorrelation functional parametrized by Perdew and Zunger. 12),13) The plane-wave expansion and the pseudopotential method are employed to solve the Kohn Sham equations and the Vanderbilt ultrasoft pseudopotentials 14) are used. In this work we do not include the 3s and 3p states of the Ti atom in core states and therefore these semicore states of the Ti atom are treated as valence states in electronic-structure calculations. The plane-wave cutoff energy is set to be 150 Ry. Structural optimizations are performed using the Wentzcovitch damped dynamics. 15) These calculations are performed using the Quantum ESPRESSO package. 16) Although it is known that the LDA tends to describe impurity states in semiconductor as more delocalized ones than they should be, we expect that the LDA can be good enough to discuss heavily doped cases as we study here if they possess metallic band structures.
The phases studied are rutile, anatase, and brookite is well reproduced while the bandgap values of rutile (1.8 eV) and of anatase (2.2 eV) should be the underestimated values as is well known in the case of the LDA study of semiconductors.
25)28)
The experimental bandgap values of rutile and anatase are 3.0 eV 17),21),23) and 3.2 eV, 21), 24) respectively. In order to study the effects of substitutional nitrogen doping, we consider several doping concentrations using the supercells, [TiO 2 ] 2n1 TiON with n = 1, 2, 4 and 8 for rutile and anatase, and n = 4 for brookite (See Fig. 2 ). Note here that the nitrogen concentration equals to 1/4n.
First, we calculate the defect formation energy for substitutional doping
where E tot () is the total energy of the structural unit given in the parenthesis at the optimized geometry. For simplicity, we assume TiO 2 as the perfect crystal and N 2 gas as the nitrogen source in order to avoid introducing other elements than Ti, O, and N. Therefore, we expect that the defect formation energy should be smaller than this definition in more realistic cases where TiO 2 involves intrinsic O vacancies or NH 3 is used as the nitrogen source rather than N 2 gas. However, the relative values of the defect formation energies obtained here should remain the same even for these more realistic cases. The result is shown in Fig. 3 .
Results for high doping-concentration cases (n = 1, 2, and 4) of rutile and anatase have been briefly reported in our previous proceeding, 29) where it is reported that nitrogen doping into rutile is easier than into anatase and that the higher the nitrogen concentration is, less energy is required to substitute one atom for both rutile-and anatase-structured systems. These tendencies are still seen in the less doped case (n = 8). One of the consequences of this result is that nitrogen atoms prefer to be located at short distances. Therefore, this result suggests that nitrogen atoms tend to be clustered in rutile-and anatase-structured systems. This "clustering" should occur because dopants can share the surrounding distorted region when dopants are located at shorter distances, and then the lattice-distortion energy per dopant becomes smaller. The most preferable NN distances is, on the other hand, an interesting and challenging future issue to be clarified using a larger supercell with two or more N atoms.
Next, we show the electronic structures of nitrogen-doped TiO 2 for rutile-and anatase-structured systems (Fig. 4) . All the system studied are confirmed to possess metallic electronic structures rather than isolated impurity bands because of their high-impurity concentrations. Therefore the LDA electronic structures should be reliable. 25) Due to the presence of doped nitrogen atoms, the system does not have the tetragonal symmetry any more. However, we use the symmetry-point notations of the tetragonal pristine phase with the same supercell size.
Rutile-structured [TiO 2 ] 2n1 TiON (n = 1, 2) possess the inderect gap because the conduction-band bottom is found to be at the M point while valence-band top is at the ¥ point. The change of the position of the conduction-band bottom might be due to the lattice distortion induced by nitrogen atoms. The impurityinduced states seem to be sufficiently hybridized with the original valence band and the system is metallic. The energy difference between the conduction-band bottom and the Fermi energy is found to be 2.0 eV both for n = 1 and 2. Since the LDA results should be quantitatively reliable for metallic systems, the threshold energy for photo-absorption is to be as small as 2.0 eV, corresponding to the photon wavelength of around 620 nm. As mentioned above, the experimental bandgap value of rutile is reported to be 3.0 eV and therefore, the minimum photoexcitation energy of heavily nitrogen-doped rutile should be smaller than that of pristine rutile by 1 eV.
Similar results are found for anatase-structured systems. Anatase-structured [TiO 2 ] 2n1 TiON (n = 1, 2) possess the impurity-induced states sufficiently hybridized with the original valence band. The conduction-band bottom and the valence-band top are at the ¥ and the M points, respectively. The energy difference between the conduction-band bottom and the Fermi energy is found to be 1.9 eV for n = 1 and 1.7 eV for n = 2, corresponding to the photon wavelengths of around 650 nm and 730 nm, respectively. Because the experimental bandgap value of anatase is reported to be 3.2 eV, 21),24) the minimum photoexcitation energy of heavily nitrogen-doped anatase should be smaller than that of pristine anatase by as much as 1.5 eV.
In summary, we have studied the nitrogen-doping effects on the energetics and electronic properties of titanium dioxide. From the defect formation energy obtained for several different nitrogen concentrations, it is confirmed that dopants tend to be clustered in rutile-and anatase-structured systems. Also, it is confirmed that the nitrogen doping into rutile is easier than in anatase. From the electronic structures of nitrogen-doped TiO 2 , it is found that heavily nitrogen-doped TiO 2 is metallic and minimum photo-excitation energy is reduced by 1 eV or larger. 
